Abstract-A new class of adaptive Wilkinson-type filtering power divider that simultaneously exhibits single/multi-band operation, frequency tuning, and controllable number of passbands is reported. It exploits the incorporation of single/multi-band quasi-bandpass sections into the input/output terminals of the power divider, whose quarter-wavelength-long transmissionline segments are reused as impedance inverters between the quasi-bandpass stages. In this manner, bandpass-type transfer functions are realized at the output nodes along with the powerdistribution functionality. For experimental validation, a reconfigurable dual-band prototype that features tunable passbands in the range 0.8-1.2 GHz is designed, manufactured, and tested.
Reconfigurable Single/Multi-Band Filtering Power
Divider Based on Quasi-Bandpass Sections I. INTRODUCTION M ULTI-FUNCTIONAL microwave circuits are in high demand due to the potential for compact-size and enhanced-performance designs by merging several RF processing actions in the same component [1] . The combination of passive filtering and power-division functions is a good example of this trend since they are needed in the majority of RF front-ends [2] - [7] .
Although most prior-art filtering/power-divider circuits exhibit single-band and frequency-static operation, such as those in [2] - [4] , more-advanced designs have recently been developed. For example, multi-band filtering power dividers using coupled-resonator and signal-interference stages were shown in [5] and [6] , respectively. Whereas the approach in [5] is limited to dual-band implementations, the positioning of the operational bands in [6] is not flexible. Filtering power dividers with frequency-agile single-band operation have also been demonstrated in schemes with embedded tunable filtering sections [7] , [8] . Nevertheless, none of these bi-functional devices hybridizes frequency reconfiguration and multi-band operation. Note also that most of them incorporate the filtering cells into the power divider branches, which complicates their design and makes them sensitive to fabrication tolerances.
In this letter, a new class of filtering power dividers that are based on quasi-bandpass sections is reported. To the best of the authors' knowledge, this is the first microwave circuit that features frequency-controllable single/multi-band operation that is scalable to any number of bands realized through a simple design method. Its operating principle is described in Section II, whereas measured results of a demonstrative reconfigurable microstrip prototype are shown in Section III.
II. THEORETICAL FOUNDATIONS
The proposed filtering power divider concept is shown in Fig. 1 . Specifically, Fig. 1(a) and (b) depict the circuit schematic and the equivalent coupling-node diagram of the classic power divider-symmetrical-power-distribution case with Z c = Z 0 √ 2 and R = 2Z 0 where Z 0 is the reference impedance-, whereas Fig. 1(c) details the equivalent couplingnode diagram of the suggested filtering power divider. As can be seen, the devised approach is based on replacing the non-resonating nodes (NRNs) associated to the classic power divider with multi-band quasi-bandpass sections whose major operating principles were reported in [9] . In this manner, a multi-band filtering behavior is added to the existing powerdivision functionality. It should be further noticed that the proposed configuration allows for independent tuning of each passband by readily varying the natural frequency of each associated resonator in the quasi-bandpass section. In comparison with a conventional solution formed by a power divider with series-cascaded second-order quasi-bandpass filters at its output nodes, fewer inverters and resonators are needed in the current approach for the same filtering behavior. Note that, in the scheme of Fig. 1(c) , the transmission lines of the power divider are reused as impedance inverters between adjacent quasi-bandpass sections. Also, the quasi-bandpass section at the input port is shared by both transmission paths. As a result, two fewer impedance inverters and one less quasi-bandpass section are required in the proposed filtering power divider.
For illustration purposes, an ideal 3-dB quad-band filtering power divider based on the approach of Fig • at the frequencies f 1 , f 2 , f 3 , and f 4 of the corresponding resonators. The impedance inverters between the NRNs were implemented as 90
• -at-f d transmission-line segments of impedance Z c2 = Z 0 /2. Note that higher values of Z c1 result in narrower passband widths, whereas lower values of Z c2 produce broader stopbands.
The S-parameters of the ideally-synthesized 3-dB quad-band filtering power divider are plotted in Fig. 2 . As shown, a four-band power-distribution filtering action with high levels of power isolation between output ports and in-band power matching for all terminals is attained. Since the impedance inverters at f d between the NRNs are shared by all resonators, the center frequencies of the passbands are slightly shifted with regard to the natural frequencies of their constituent resonators. This can be counteracted by simply re-tuning the resonators, as done in the prototype of Section III by means of capacitors into the filter resonators. It should also be noticed that the quadband transfer function appears spectrally embedded into a wide stopband range caused by the bandstop-filtering-type part of the circuit-i.e., pairs of NRNs in the quasi-bandpass section that interact through impedance inverters in each transmission path as detailed in Fig. 1(c) and further discussed in [9] . It determines the maximum frequency ratio feasible between the lower and upper passbands. Furthermore, contrary to other filter/power-divider topologies such as those reported in [2] and [5] , transmission zeros (TZs) are created at both sides of the four passbands without the need for cross-coupled-resonator filtering stages in the power divider arms-see Section II.D of [9] .
III. EXPERIMENTAL RESULTS
To validate the practical viability of the devised reconfigurable filtering power divider, a dual-band microstrip prototype with symmetrical power distribution has been developed and measured. The circuit was implemented for an impedance level of Z 0 = 50 Ω and in a way that its transmission bands can be independently tuned and switched on/off within the range 0.8-1.2 GHz. The theoretical design of the filter/power-divider prototype was carried out by following the RF design guidelines expounded in Section II.
A photograph of the developed prototype is provided in Fig. 3 . Ideal RF switches realized through 0-Ω removable resistors were incorporated between the resonators and their adjacent NRNs. This allows to experimentally validate the independent control (i.e., switch on/off) of each individual passband as well as their merging to shape a broader single transmission band. Its measured S-parameters for one example dual-band state are shown in Fig. 4 . The center frequencies, 3-dB bandwidths, and minimum insertion-loss levels for the lower and upper passbands (port 2 in Fig. 3, i. e., |S 21 | in Fig. 4) are: 0.94 and 1.14 GHz, 41 and 62 MHz, and 1.8 and 0.9 dB. Note that TZs appear at both sides of each passband owing to the intrinsic behavior of its building quasi-bandpass sections. The deviations observed in Fig. 4 in the location of the TZs among the different divider branches are attributed to the coupling appearing between adjacent quasi-bandpass sections in the transmission path between ports 1 and 3 (see Fig. 3 ).
The reconfiguration capabilities of the manufactured filtering power divider circuit are illustrated in Fig. 5 . In particular, Fig. 5(a) and (b) respectively show how the lower and upper passbands can independently be tuned-in the spectral intervals 0.85-1.01 GHz and 0.96-1.16 GHz each of them-by adjusting the variable capacitors of only those resonators shaping each passband. Fig. 5(c) demonstrates how the two passbands can be positioned together to conform a broader transmission band with-i.e., very close passbands that do not overlap-and without-i.e., frequency-contiguous passbands-an in-band notch. Moreover, the frequency tuning of one single passband when the other one is disconnected-realized through ideal RF switches-is corroborated in Fig. 5(d) . Table I provides a comparison between the conceived filtering power divider and related state-of-the-art devices. Note that this circuit is the only one that combines single/multi-band performance, independent frequency tuning, and TZ generation at both passband sides. Moreover, it allows the cancelation of each passband at will without affecting the RF performance of the remaining transmission bands.
IV. CONCLUSION
A novel family of filter/power-divider circuits has been presented. When compared to related state-of-the-art filtering power splitters and to the best of the authors' knowledge, the engineered dual-functionality tunable device is the first one that simultaneously features single/multi-band bandpass filtering behavior, center-frequency control, and independent passbandon/off-commutation. In addition, its design procedure is simple and it is generalizable to an arbitrary number of passbands that can be spectrally merged to configure broader transmission bands. The operating principle of the proposed approach, which exploits the incorporation of frequency-agile single/multi-band quasi-bandpass sections into the classic Wilkinson-type power divider, has been described. A 3-dB two-band microstrip proofof-concept prototype with passbands that can be mechanically tuned and switched on/off in the range 0.8-1.2 GHz has also been developed and measured.
